Most sternorrhynchan insects harbor endosymbiotic bacteria in specialized cells (bacteriocytes) near the gut which provide essential nutrients for hosts. In lineages investigated so far with molecular methods (aphids, mealybugs, whiteflies), endosymbionts apparently have arisen from independent infections of common host ancestors and cospeciated with their hosts. Some endosymbionts also exhibit putatively negative genetic effects from their symbiotic association. In this study, the identity of endosymbionts in one major sternorrhynchan lineage, psyllids (Psylloidea), was investigated to determine their position in eubacterial phylogeny and their relationship to other sternorrhynchan endosymbionts. Small-subunit ribosomal RNA genes (16S rDNA) from bacteria in three psyllid species (families Psyllidae and Triozidae) were sequenced and incorporated into an alignment including other insect endosymbionts and free-living bacteria. In phylogenetic analysis, all sequences were placed within the ␥ subdivision of the Proteobacteria. Three sequences, one from each psyllid species, formed a highly supported monophyletic group whose branching order matched the host phylogeny, and also exhibited accelerated rates of evolution and mutational bias toward A and T nucleotides. These attributes, characteristic of primary (P) bacteriocyte-dwelling endosymbionts, suggested that these sequences were from the putative psyllid P endosymbiont. Two other sequences were placed within the ␥-3 subgroup of Proteobacteria and were hypothesized to be secondary endosymbionts. The analysis also suggested a sister relationship between P endosymbionts of psyllids and whiteflies. Thus, a continuous mutualistic association between bacteria and insects may have existed since the common ancestor of psyllids and whiteflies. Calculations using a universal substitution rate in bacteria corrected for endosymbiont rate acceleration support the idea that this common ancestor was also the ancestor of all Sternorrhyncha. Compared with other P endosymbiont lineages, the genetic consequences of intracellular life for some psyllid endosymbionts have been exaggerated, indicating possible differences in population structures of bacteria and/or hosts.
Introduction
Sternorrhynchans (Hemiptera: aphids, scales and mealybugs, whiteflies, and psyllids) and other insects that feed throughout their life cycles on nutritionally incomplete diets such as plant sap, blood, and wood often harbor mutualistic intracellular prokaryotes (Buchner 1965 ) that apparently provide nutrients essential for survival and reproduction of the hosts (Dadd 1985; Douglas 1998) . These primary (P) endosymbionts are usually distinguished from other microorganisms (including secondary [S] endosymbionts) by their confinement to specialized host cells called mycetocytes (Buchner 1965; McLean and Houk 1973; Douglas 1989) , or, more appropriately, bacteriocytes (Baumann et al. 1995) . However, the original criterion used by Buchner (1965) defines the P endosymbiont as having the more ancient association with the host. In sternorrhynchans, bacteriocytes are organized into a large organ known as the mycetome or bacteriome, sometimes incorporating a cellular envelope or syncytial region that may containdosymbionts in some host lineages are well characterized, while those of other lineages are essentially unknown ( fig. 1 ). Aphid (Aphidoidea) P endosymbionts (Buchnera aphidicola) form a distinct lineage within the ␥-3 subgroup (Unterman, Baumann, and McLean 1989; Munson et al. 1991) . Secondary endosymbionts from the bacteriome envelope cells of some aphids are members of the family Enterobacteriaceae within the ␥-3 subgroup (Unterman, Baumann, and McLean 1989; Chen and Purcell 1997) . Whitefly (Aleyrodoidea) P endosymbionts were placed in the ␥ subdivision but were unassignable to a specific subgroup; an S endosymbiont clustered within the family Enterobacteriaceae (Clark et al. 1992) . In contrast to aphids and whiteflies, endosymbionts of mealybugs (Coccoidea, Pseudococcidae) were assigned to the ␤ subdivision , but the recent finding of a ␥ subdivision symbiont in bacteriocytes of a different mealybug species (Kantheti, Jayarama, and Sharat Chandra 1996) suggests that the full diversity of pseudococcid endosymbionts is still to be determined. Coccoidea, as a whole, exhibit a rich diversity of symbiotic associations (Buchner 1965) .
The identity of endosymbionts in psyllids (Psylloidea) has not been investigated with molecular phylogenetic methods until this study. Knowledge of psyllid endosymbionts dates to early light microscopy studies (compiled in Buchner 1965 ) and later electron microscopy studies (Chang and Musgrave 1969; Waku and Endo 1987) . Psyllids contain bilobed bacteriomes composed of round, uninucleate bacteriocytes, a multinucleate syncytial region, and a covering of envelope cells (Buchner 1965; Waku and Endo 1987) . Bacteriomes usually house two symbiont types: irregular, rod-shaped symbionts packed into bacteriocytes, and round or ovalshaped symbionts in the syncytium (Buchner 1965; Chang and Musgrave 1969; Waku and Endo 1987) . As in aphids, both symbiont forms are enclosed by three structures: a plasma membrane and cell wall and an outer host-derived membrane (Chang and Musgrave 1969; Waku and Endo 1987) . Both symbiont types are transmitted internally from maternal bacteriomes to developing eggs (Buchner 1965; Waku and Endo 1987) . In at least two species (family Psyllidae), symbionts are absent from the syncytial region, possibly as a secondary loss (Buchner 1965) . A secondary endosymbiont is located in cells of fatty tissue adjacent to the bacteriome in one of these species and is also transmitted to eggs (Buchner 1965) .
For several insect taxa, phylogenetic reconstructions have revealed a pattern of congruent host and P endosymbiont phylogenies, supporting the idea that extant associations arose from a single infection of the common host ancestor followed by vertical transmission of symbionts and parallel diversification of insect and bacterial lineages (Munson et al. 1991; Moran et al. 1993; Moran and Telang 1998) . The ages of several associations are estimated to be 50-250 Myr old (Moran et al. 1993; Moran and Baumann 1994; Aksoy, Pourhosseini, and Chow 1995; Bandi et al. 1995; Schröder et al. 1996) . Establishing the maximum age of continuous bacteriocyte endosymbioses becomes interesting in light of recent findings that endosymbiotic bacteria may suffer long-term, negative genetic consequences of the association that might ultimately affect host fitness (Moran 1996) .
Sternorrhyncha is a promising group in which to search for evidence of a more ancient, continuous mutualism. Because most extant sternorrhynchans feed on phloem sap, it is plausible to hypothesize that their common ancestor was phloem-feeding and had endosymbionts to supplement its diet. With a more complete knowledge of extant sternorrhynchan endosymbioses, specifically those of Psylloidea, it may be possible to characterize this ancestral relationship and determine whether a continuous bacteria-host association may have existed since the origin of the Sternorrhyncha, approximately 280 MYA (Szelegiewicz 1971; Hennig 1981; Wootton 1981) . For example, although evidence so far suggests that there have been independent origins of the P endosymbionts in three of the four lineages (aphids, whiteflies, and mealybugs), if psyllid endosymbionts formed the sister group to endosymbionts of any other sternorrhynchan lineage, then that common association might represent the ancestral endosymbiosis. Alternatively, if psyllid endosymbionts make up an independent bacterial lineage, then the ancestral sternorrhynchan endosymbiosis (if it existed) may have been replaced in all lineages.
The purpose of this study was thus to identify and characterize psyllid endosymbionts on the basis of 16S rDNA sequences and, through phylogenetic analysis, evaluate their position in the eubacterial tree and their relationships to other known endosymbionts. We also evaluate the extent to which psyllid endosymbionts show evidence of possibly detrimental genetic processes.
Materials and Methods

Molecular Methods and Sequence Alignment
DNA was obtained from three species of psyllids. Pachypsylla venusta (Osten-Sacken) (Psyllidae) extractions were as described in von Dohlen and Moran (1995) , and extraction was performed using the proteinsalting-out protocol of Sunnucks and Hale (1996) on bacteriomes dissected from individuals collected in April 1998 in Logan, Utah. Blastopsylla occidentalis Taylor (Psyllidae) was collected in March 1997 in Tucson, Ariz., and Trioza magnoliae (Ashmead) (Triozidae) was collected in March 1995 at Hilton Head Island, S.C. Both species were stored in 100% ethanol, and DNA was extracted from single individuals with the proteinsalting-out method of Sunnucks and Hale (1996) . Voucher specimens were deposited in the Utah State University's Insect Collection.
Eubacterial 16S rDNA was amplified by polymerase chain reaction (PCR) with eubacteria-specific primers (from Munson et al. [1991] , modified to omit the restriction sites). PCR products were cloned using the vector pCR 2.1 (Invitrogen, Original TA Cloning Kit, catalog number K-2000) or pCR 2.1-TOPO (Invitrogen, catalog number 4500), and transformed into Escherichia coli (INV␣FЈ) cells according to the instructions of the manufacturer. The presence of the 16S insert in E. coli cells, as indicated by blue/white colony selection, was confirmed by restriction digestion of reisolated plasmids with EcoRI or both EcoRI and HindIII. Plasmids were reisolated by the alkaline lysis method (Maniatis, Fritsch, and Sambrook 1982) or with Wizard Plus SV Minipreps (Promega, catalog number A1330). After electrophoresis in 0.7% agarose, restriction digests were visualized by ethidium bromide staining and exposure to UV light. Samples for which insert fragment lengths summed to approximately 1,500 bp were used for sequencing. Unique clones were identified by sequences and/or electrophoresis patterns of EcoRI-HindIII double digests. Out of six positive clones for T. magnoliae, three clones were identical for each of two distinct sequences. Of six positive clones for B. occidentalis, five were identical for one sequence and one was a distinct second sequence. Pachypsylla venusta yielded 10 identical positive clones: 1 from a whole individual, and 9 from the bacteriome preparation.
Automated sequencing was performed at the Utah State University Biotechnology Center with an ABI 373 Stretch machine. Primers used for sequencing were the two amplification primers and two internal primers, 341ϩ (5Ј-CCTACGGGAGGCAGCAGTGG-3Ј) and 766ϩ (5Ј-AAAGCGTGGGGAGCAAACAG-3Ј). Another internal primer, 398ϩ, was substituted for 341ϩ in sequencing the P. venusta clone (Rouhbaksh et al. 1994) . With this combination of primers, approximately 50% of each sequence was derived from overlapping reads. Sequences were deposited in GenBank (see fig. 2 for accession numbers).
Complete 16S sequences were submitted to the Ribosomal Database Project (RDP) (Maidak et al. 1997) small-subunit prokaryote database, using the SIMILAR-ITYRANK command, to obtain similarity scores for comparisons of our putative endosymbiont sequences to other known bacterial 16S sequences. In each case, the most similar sequences were from the ␥ subdivision of Proteobacteria. A set of 43 taxa were selected for preliminary analyses from GenBank to represent the breadth of ␥ subdivision Proteobacteria, including other insect endosymbionts. Several outgroup taxa were also included, representing the ␣ and ␤ subdivisions of Proteobacteria, and a member of the low GϩC gram-positive bacteria. A multiple-sequence alignment was prepared using the PILEUP program in the Wisconsin package (Genetics Computer Group 1994); length-variable and ambiguous regions of the alignment were removed manually.
Phylogenetic Analyses
Relative apparent synapomorphy analysis (RASA) (Lyons-Weiler, Hoelzer, and Tuesch 1996; Lyons-Weiler and Hoelzer 1997), and preliminary phylogenetic analyses indicated that there were extremely long branches leading to three of the new sequences. Because distance and parsimony methods are less likely to recover the correct tree under these conditions (Felsenstein 1978; Hillis, Huelsenbeck, and Swofford 1994) , we chose maximum-likelihood (ML) analysis for the phylogeny estimate.
Model selection for analyses using ML was carried out using the method of Sullivan, Markert, and Kilpatrick (1997) , in which a series of likelihood ratio tests is performed for a set of various trees under several models. This allowed us to identify the simplest model that had a significantly better fit to the data, and thereby minimized the variance that could be introduced into distance estimates when parameters are added (Rzhetsky and Nei 1995) 
, is compared to the 2 distribution, where, in comparisons of nested models, Ϫln L 0 is the likelihood of the simpler model, and Ϫln L 1 is the likelihood of the model with added parameters. The number of degrees of freedom is equal to the difference in the number of parameters estimated by the models. Despite problems associated with the irregular nature of the tree parameter (Goldman 1993) , the distribution of the likelihood ratio statistic appears to provide a good estimate of the 2 distribution of these kinds of tests (Yang, Goldman, and Friday 1995) . The trees used in the tests were obtained by several methods: parsimony with transitions upweighted by a factor of 1.1, minimum evolution with LogDet corrected distances and Tamura-Nei (TN) corrected distances, and ML using the Hasegawa-KishinoYano (HKY) model with a transition/transversion ratio of 2.0 and base frequencies set to observed values.
Likelihood scores (Ϫln L) were obtained for five test trees under four variations of five time-reversible models of nucleotide substitution (20 models in all). The five models were Jukes-Cantor, Kimura two-parameter, HKY, TN, and general time-reversible (see model descriptions in Swofford et al. 1996) . The model variations involved four different assumptions of among-site rate heterogeneity: (1) substitution rates equal among all sites; (2) some sites invariable (I) and the rest with equal substitution rates; (3) variation in substitution rates among all sites gamma (⌫) distributed; and (4) some sites invariable, and variation in substitution rates among remaining sites gamma distributed (Iϩ⌫). Where applicable, the discrete ⌫ model (Yang 1994) was used with mean rates from six rate categories. For each tree, and in each test, model parameters were estimated by ML. Additional tests that do not require phylogenetic trees (Rzhetsky and Nei 1995) , from a computer program provided by A. Rzhetsky, were employed to confirm the results of some of the likelihood ratio tests.
Successive model comparisons determined that, of the models tested, TNϩIϩ⌫ was most appropriate for our data set. A subset of 27 taxa was chosen for ML analysis using this model. In principle, the selected model and its estimated parameters were still valid for this subset (J. Felsenstein, personal communication). The ␤ subdivision bacterium Alcaligenes faecalis was retained as the outgroup. The smaller data set was tested for presence of phylogenetic signal by two methods: comparison of an ML phylogeny estimate (similar to the one in fig. 2 ) with a star phylogeny using the Kishino-Hasegawa test, and a test for signal content (analytical option) with the program RASA 2.2 (Lyons-Weiler 1997). The above model, along with the ML estimates of its parameters, was used for a heuristic tree search using random addition of taxa followed by tree-bisection-andreconnection (TBR) branch swapping. Relative support of inferred relationships was obtained by bootstrap resampling. Phylogenetic estimations, likelihood ratio tests, and Kishino-Hasegawa tests were performed using the test versions 4.0d61 and 4.0d64 of PAUP*, written by David L. Swofford.
Relative-Rates Test
Relative-rates tests (Wu and Li 1985) were performed as in Moran (1996) to test whether putative psyllid endosymbiont 16S rDNA evolved faster than related free-living bacteria. Each test included a cloned sequence, a closely related free-living taxon, and a more distant free-living reference taxon that was also an outgroup. To maximize the power of the test, both freeliving relatives were chosen so that distances from the putative endosymbiont were minimized (Wu and Li 1985) . The choice of free-living relatives was guided by the results of the phylogenetic analyses above. The tests we performed were not completely independent, because each included branches that were also included in another test. For each test, three-taxon alignments were performed with PILEUP of the Wisconsin package. Length-variable and ambiguous regions were removed manually before the test. Transition and transversion differences for each test were estimated using the TNϩ⌫ distance correction of the program MEGA (Kumar, Tamura, and Nei 1993) .
Results
Phylogenetic Analysis
The 27-taxon data set was determined to have phylogenetic signal because an ML phylogeny estimate had a significantly better likelihood score (P Ͻ 0.0001) than the star phylogeny, and the RASA test for signal content (analytical option) returned a significant t RASA score (P Ͻ 0.001).
Placement of all new sequences among ␥ subdivision bacteria ( fig. 2 ) was well supported by bootstrap resampling (88% and 93%). Blastopsylla occidentalis (9), P. venusta (6), and T. magnoliae (13) formed a monophyletic group (100% support) with a well-supported (91%) branching order that mirrored a morphological phylogeny of the psyllid hosts (White and Hodkinson 1985) . The analysis suggested a sister group relationship between these sequences and the whitefly P endosymbiont, which was supported by 63% of bootstrap replicates. The extremely long branch leading to the B. occidentalis (9) ϩ P. venusta (6) ϩ T. magnoliae (13) clade reflected the high relative substitution rates and nucleotide bias found in these sequences (see below). Trioza magnoliae (14) and B. occidentalis (6) were placed among the enteric bacteria and relatives, within the ␥-3 subgroup (75% support). These sequences contained several signature oligonucleotides of the Enterobacteriaceae (Woese et al. 1985) .
Relative-Rates Tests and Mutational Bias
In the relative-rates tests (Wu and Li 1985; Moran 1996) , K 01 /K 02 is the ratio that compares the number of substitutions along the branch between a recent common ancestor and the endosymbiont to the number of substitutions along the branch between that same ancestor and a free-living relative (table 1). The tests found significantly higher rates of substitution in the cloned 16S rDNAs than in their free-living relatives for all but B. occidentalis (6). Rates of evolution were highest for B. NOTE.-K ij is the estimated number of substitutions per site between taxon i and taxon j. Taxon 1 is the endosymbiont, taxon 2 is a closely related free-living bacterium, taxon 0 is the most recent common ancestor to taxon 1 and taxon 2, and taxon 3 is a more distantly related reference bacterium. The estimated numbers of substitutions from the common ancestor to the endosymbiont and from the ancestor to the free-living relative, respectively, are K 01 ϭ (K 13 Ϫ K 23 ϩ K 12 )/2 and K 02 ϭ K 12 Ϫ K 01 . For these one-tailed tests, H 0 : K 01 Յ K 02 , H 1 : K 01 Ͼ K 02 , and ␣ ϭ 0.05.
a The host of the putative endosymbiont is listed; the clone number is indicated in parentheses. * P Ͻ 0.001. b Nucleotide site differences between the endosymbiont and the free-living relative were placed in one of three classes: more A ϩ T ϭ the endosymbiont had an A or T, but the free-living relative had a G or C; less A ϩ T ϭ the endosymbiont had a G or C, but the free-living relative had an A or T; same A ϩ T ϭ differences between A and T, or G and C.
occidentalis (9), P. venusta (6), and T. magnoliae (13), ranging from 3.7-to 4.7-fold faster than free-living relatives. The substitution rate of T. magnoliae (14) was lower, but still 3.3-fold faster than that of the free-living relative.
In comparisons of base frequencies of the new sequences with those of known insect endosymbionts and selected free-living taxa, the percentage of AϩT for B. occidentalis (6) was similar to that found in free-living bacteria (ϳ45%). AϩT content for T. magnoliae (14) (57%) was higher than those for Buchnera and the tsetse fly P endosymbiont (both ϳ50%), and percentages of AϩT for B. occidentalis (9), P. venusta (6), and T. magnoliae (13) averaged a striking 65%. This mutational bias was further evaluated in pairwise comparisons (Moran 1996) of new clones with a close free-living relative. Approximately 80% of all pairwise differences between B. occidentalis (9), P. venusta (6), T. magnoliae (13), and T. magnoliae (14) and a corresponding freeliving taxon were categorized as increased AϩT for the new sequences (table 2) . Differences for B. occidentalis (6) were more evenly distributed among categories. Several long stretches of AϩT-rich insertions had to be removed from B. occidentalis (9), P. venusta (6), and T. magnoliae (13) sequences for the multiple alignment to ensure homology of all sites. If these stretches had been included, the number of changes toward increased AϩT in these taxa would have been even greater.
Discussion
The small but growing literature concerning the molecular genetics of insect endosymbionts suggests that several independent lineages of intracellular bacteria have followed similar paths of evolution (Moran and Telang 1998) . First, the monophyletic statuses of symbionts within bacterial phylogeny, mostly coupled with branching patterns that are congruent with either host phylogeny or taxonomy, imply that such associations arose once in the ancestor of the host taxon, with subsequent cospeciation of host and endosymbiont lineages (Munson et al. 1991; Clark et al. 1992; Munson, Baumann, and Moran 1992; Moran and Baumann 1994; Aksoy, Pourhosseini, and Chow 1995; Bandi et al. 1995; Schröder et al. 1996) . Second, once acquired and adapted to intracellular life, endosymbionts may be subject to detrimental genetic processes. Patterns observed for endosymbionts of aphids, whiteflies, mealybugs, tsetse flies, and Wolbachia show that rates of DNA substitutions have been accelerated in these lineages in comparison to free-living relatives (Moran 1996) . Furthermore, some process has led to a mutational bias in sev-eral endosymbionts, favoring accumulation of A and T nucleotides (Moran 1996) . The AϩT bias in endosymbiont ribosomal genes lowers stability of rRNA secondary structure (Lambert and Moran 1998) . In protein-coding genes of Buchnera, accelerated evolution and mutational bias have combined to elevate rates of amino acid replacements, which might affect enzyme function (Moran 1996) . The speedup in endosymbiont lineages is interpreted to reflect accumulation of slightly deleterious mutations as a consequence of small, clonal populations and enforced population bottlenecks at each host generation. Endosymbionts presumably have survived the long-term effects of increased genetic drift due to compensatory processes in the association (Moran 1996) .
The 16S rDNA clones P. venusta (6), B. occidentalis (9), and T. magnoliae (13) exhibit the attributes documented above for insect P endosymbionts. They form a highly supported monophyletic group with a branching order that parallels host taxonomic designations and a morphologically based phylogeny (White and Hodkinson 1985) . They collectively exhibit a highly accelerated substitution rate, averaging fourfold faster than those of related free-living taxa and more than twice the value found for other insect endosymbionts (Moran 1996) . They are more AϩT-rich and show even more pronounced AϩT mutational bias than other insect endosymbionts. In addition, P. venusta (6) was identical to nine clones amplified from a bacteriome DNA preparation, indicating that it originated from the bacteriome. These combined results strongly suggest that the clones are derived from the bacteriocyte-dwelling psyllid P endosymbionts (Buchner 1965) . This may be confirmed with in situ hybridization studies in future work.
Results also suggest that the remaining two clones, B. occidentalis (6) and T. magnoliae (14), were amplified from the S endosymbionts noted by Buchner (1965) . These two clones did not form a monophyletic group in the analysis. This is consistent with the idea that S endosymbionts represent younger associations (Buchner 1965 ) that have been formed independently in different host taxa after the radiation of major host lineages. These clones were placed with strong support in a clade of ␥-3 Proteobacteria with several other insect endosymbionts, including weevil and tsetse fly S endosymbionts. Trioza magnoliae (14) has a much higher mutational bias and substitution rate than does B. occidentalis (6). Because we expect mutational bias and rate acceleration within a given host lineage to reflect the age of the symbiosis, T. magnoliae (14) may indicate an older S endosymbiont association in Trioza. Alternatively, a possibility exists that T. magnoliae has harbored two long-term bacteriocyte endosymbionts of different lineages. For whiteflies, electron microscopy studies have detected two distinct bacterial forms in bacteriocytes (Costa et al. 1993 (Costa et al. , 1995 , but the different morphs have not yet been linked to 16S sequences amplified from these species (Clark et al. 1992) .
Our results so far indicate that two species, T. magnoliae and B. occidentalis, harbor both P and S endosymbionts. In contrast, the molecular work and preliminary results from transmission electron microscopy (unpublished data) have detected only one form of bacterium in P. venusta. Pachypsylla venusta may be a case where S endosymbionts either are located in cells of fatty tissue next to the bacteriome or are absent (Buchner 1965) .
The phylogenetic position of psyllid P endosymbionts has implications for the history of endosymbiosis in Sternorrhyncha. Our analysis supported a sister-group relationship between whitefly and psyllid P endosymbionts. Thus, these endosymbionts may have shared a most recent common ancestor that infected the common ancestor of their hosts. The position (and age) of this host ancestor in sternorrhynchan phylogeny depends on the relationship between psyllid and whitefly lineages. Most morphologically based phylogenies recognize synapomorphies defining a sister group relationship between psyllids and whiteflies (Goodchild 1966; Szelegiewicz 1971; Hennig 1981; Carver, Gross, and Woodward 1991) . Fossils purported to belong to the stem group of psyllids and whiteflies have been dated to 240 MYA (Hennig 1981) . Recent molecular studies of sternorrhynchan phylogeny using 18S rDNA, however, could not resolve the position of whiteflies with confidence (Campbell et al. 1995; von Dohlen and Moran 1995) . As in psyllid P endosymbionts, whitefly rRNA genes have accelerated substitution rates, and their long collective branch is problematic in phylogenetic reconstruction. The molecular data suggest that psyllids and whiteflies are not sister taxa, but have branched independently (von Dohlen and Moran 1995) . If this is so, then the most recent common ancestor of psyllids and whiteflies is also the ancestor of all Sternorrhyncha. Under this scenario, our results would support the hypothesis that an endosymbiosis was established in the common sternorrhynchan ancestor and was maintained in psyllid and whitefly lineages but replaced by other Proteobacteria in aphid and coccid lineages. Fossils purported to be the common ancestor of Sternorrhyncha date to the lower Permian (ϳ280 MYA) (Szelegiewicz 1971; Hennig 1981; Wootton 1981) . A continuous bacterial endosymbiosis of this age would be older than any so far proposed for other insects.
Comparisons of observed and predicted divergences between psyllid and whitefly P endosymbionts lend support to the latter hypothesis above. Given the phylogeny presented here, divergence between these endosymbionts departs from predicted values based on the estimated universal rate for free-living eubacteria (about 1%/50 MYA [Ochman and Wilson 1987] ) in a manner expected by their rate acceleration. Using the previously mentioned competing dates for the common ancestor of psyllids and whiteflies, the universal rate predicts the divergence to be (240/50)(2) ϭ 9.6% if the hosts are sister taxa, and (280/50)(2) ϭ 11.2% in the case of independent branching of the hosts. The average rate acceleration for the psyllid P endosymbionts is 4.10 (table  1) , and the average acceleration for whitefly P endosymbionts is 1.75 (Moran 1996) . Using these to adjust the universal rate for each lineage, the estimated divergences become (9.6/2)(4.10 ϩ 1.75) ϭ 28% and (11.2/ 2)(4.10 ϩ 1.75) ϭ 33%, respectively. The ML corrected (TNϩIϩ⌫) divergence between the sequences is 35%. The proximity of this result to the latter value favors the hypothesis that psyllid and whitefly endosymbionts have been diverging for 280 Myr and thus date back to the origin of Sternorrhyncha. It is also consistent with the idea that hosts have branched independently from a common sternorrhynchan ancestor.
The genetic consequences of long-term endosymbiosis appear to be considerably exaggerated in some psyllid endosymbionts. Because these processes are hypothesized to be related to population structure (Moran 1996) , we speculate that these endosymbionts might have a different population structure than other insect endosymbionts; for example, they may experience tighter bottlenecks in each host generation or smaller host population sizes. Further research could reveal whether evolutionary rate increases and base compositional biases extend to other, protein-coding, genes and whether compensatory mechanisms exist. P endosymbionts of both aphids and tsetse flies produce exceptionally high amounts of the stress protein GroEL, a chaperonin (Ishikawa 1989; Aksoy 1995) . Overproduction of GroEL is hypothesized to be a compensatory mechanism in which the chaperonin assists enzymes in maintaining functional conformation in the face of accumulating amino acid substitutions (Moran 1996) . We predict that these rate-accelerated psyllid endosymbionts should exhibit similar, or higher, levels of GroEL expression. Psyllid endosymbionts further illustrate the idea that, once sequestered as intracellular mutualists, bacteria may experience long-term genetic effects that could ultimately reduce host fitness (Moran 1996; Lambert and Moran 1998) . Perhaps the acquisition of S endosymbionts is a mechanism through which primary endosymbionts might ultimately be replaced , if S endosymbionts gradually take over the functions of P endosymbionts as they become less efficient due to mutational accumulation.
